Prenatal exposure to maternal stress can have lifelong implications for psychological function, such as behavioral problems and even the development of mental illness. Previous research suggests that this is due to transgenerational epigenetic programming of genes operating in the hypothalamic-pituitary-adrenal axis, such as the glucocorticoid receptor (GR). However, it is not known whether intrauterine exposure to maternal stress affects the epigenetic state of these genes beyond infancy. Here, we analyze the methylation status of the GR gene in mothers and their children, at 10-19 years after birth. We combine these data with a retrospective evaluation of maternal exposure to intimate partner violence (IPV). Methylation of the mother's GR gene was not affected by IPV. For the first time, we show that methylation status of the GR gene of adolescent children is influenced by their mother's experience of IPV during pregnancy. As these sustained epigenetic modifications are established in utero, we consider this to be a plausible mechanism by which prenatal stress may program adult psychosocial function.
Introduction
Prenatal stress can have a lasting detrimental impact on psychological health; however, the molecular mechanisms that transmit this experience to adult behavior are not fully characterized. [1] [2] [3] [4] [5] The hypothalamic-pituitary-adrenal (HPA) axis is critical for homeostasis-it controls growth, reproduction, metabolism and behavior; it is also the primary line of the 'defence cascade' that helps humans to deal with crises. Hyperactivity of the HPA-axis can cause anything from a longlasting head cold to depression. Hypoactivity of the HPA-axis can cause undesirable consequences such as abdominal fat, loss of muscle mass and mental ill-health. 6, 7 Tuning of the HPA-axis and its physiological pathways is highly susceptible to the influence of early life events. Prenatal stress such as antenatal exposure to maternal anxiety has sustained effects on HPA-axis function 8 and is associated with behavioral and emotional problems arising during development. 9, 10 DNA methylation could be a mechanism by which prenatal stress is translated into changes in gene expression and physiology, 11 and ultimately psychologically vulnerable phenotypes. 12, 13 The glucocorticoid receptor (GR), a major regulator of the HPA-axis, 14 could be involved in such a transmission, controlling many aspects of development, metabolism and immune function. Landmark experiments in rodents show that both the hippocampal expression of this gene and the behavioral responses to stress are modulated by the amount of care mothers invest into their offspring in the first days of postnatal life. 15, 16 This is likely to be the result of epigenetic modifications, specifically, through methylation of exon 1F of the GR promoter. 17 This exon contains a response element for the nerve-growth-factor-inducible protein A (NGFI-A), 18 and binding of NGFI-A to its response element increases GR expression. Methylation of the NGFI-A response element inhibits the association with its 'ligand' thereby decreasing GR expression. 19, 20 Also, the human GR gene is affected by aversive social environments, as childhood abuse leads to increased methylation in exon 1F of the GR promoter. 21 The vast majority of studies analyzing the influence of stress on the epigenetic regulation of the HPA-axis have focussed on postnatal stressors. However, recent research suggests that the intrauterine environment can also impact the epigenetic state of HPA-axis genes-prenatal exposure to maternal depressive mood was shown to correlate with GR promoter methylation in newborns. 22 Furthermore, increased GR promoter methylation was associated with higher cortisol responses to stress in this study and could therefore represent fetal programming of the HPA-axis. However, this study focused on methylation status in umbilical cord blood. Therefore, it is not known whether epigenetic marks that are established in utero due to the psychosocial situation of the mother are maintained beyond infancy.
Here, we investigate whether gestational maternal aversive experiences can have a prolonged effect, 10-19 years after birth, on DNA methylation of the offspring based on bisulfite sequencing of DNA from whole blood. Both intrauterine exposure to marital discord and GR promoter methylation can predict psychopathology. 21, 23, 24 We aimed to determine whether prenatal exposure to intimate partner violence (IPV) leads to increased GR promoter methylation later in life, which might mediate increased susceptibility to psychopathology.
Materials and methods
Participants. The study cohort represents a convenience sample, as there were no specific criteria that the participants had to fulfil. Mother-child pairs were either recruited via advertisements or taken from another study. 25 Psychological parameters. We studied the impact of exposure to IPV in women from a variety of ethnic backgrounds (for example, Kosovo, Russia, Turkey etc.), who reside in Germany (Table 1) . IPV was evaluated using the composite abuse scale (CAS) 26 applied as structured interview by experienced clinical psychologists. The CAS is a validated tool, 27 which measures the degree of domestic violence experienced by an individual in the four dimensions of severe combined abuse, physical abuse, emotional abuse and harassment. 26 It consists of 30 items, which are scaled from 0 (never) to 5 (daily). Missing items, due to problems concerning the translation, were replaced by the mean of the existing items (1 of 25 interviews). According to previously described methods, 28 ,29 a resulting 'sumscore' of 7 or higher was used as the criterion for exposure to IPV. In order to match the design of our study, the CAS was conducted three times separately focusing on the periods before, during and after the pregnancy with the particular child whose blood was analyzed in this study. For the periods before and after pregnancy, participants were asked to report acts of domestic violence whenever these happened before or after pregnancy with the relevant child. These periods were not limited to an absolute time span.
Sodium bisulfite sequencing. Sodium bisulfite conversion was performed, according to previously described methods, 30, 31 on DNA extracted from whole blood (DNeasy Blood and Tissue Kit, Qiagen, Hilden, Germany). Briefly, 5 mg of DNA was denatured by incubating in 0.4 M NaOH (Riedel-deHaë n, Seelze, Germany) for 30 min at 42 1C. After the addition of hydroquinone (Sigma-Aldrich, Steinheim, Germany) and sodium bisulfite (Sigma-Aldrich) to a final concentration of 0.5 mM and 2.6 mM, respectively, the reaction mixture was incubated at 55 1C for 18 h. To remove free sodium bisulfite, the reaction mixture was cleaned up using a silica-based method, 32 and was eluted in 100 ml of double-distilled H 2 O. To remove the bisulfite adduct, 11 ml of 4.0 M NaOH was added, and the reaction mixture was incubated at 37 1C for 15 min. The reaction mixture was then neutralized by adding 111 ml of 7.5 M ammonium acetate, pH 7.0, (Riedel-deHaë n). DNA was precipitated with ethanol 33 and resuspended in 30 ml of double-distilled H 2 O. 1C, 7 min) . The PCR was designed to amplify a 93 bp fragment in the GR promoter spanning 10 CpG sites. Products were purified (QIAquick, Qiagen) and then cloned into pCR4-TOPO-vector using the TOPO TA Cloning kit (Invitrogen, Darmstadt, Germany). Positive clones were identified with colony PCR using the primers designed to the plasmid: M13-Fwd and M13-Rev primers (Invitrogen). Between 14 and 25 clones were sequenced using the same forward and reverse primers used for colony PCR (BigDye Terminator 3.1 Cycle Sequencing kit, Applied Biosystems, Darmstadt, Germany). The sequences for each individual clone were aligned and analyzed in Sequencher (version 4.2.2., Gene Codes Corporation, Ann Arbour, MI, USA).
Statistical analysis. Statistical analysis was conducted using PASW statistics (version 18.0, SPSS incorporation, Munich, Germany). To test for a potential association between maternal exposure to IPV and the presence of methylation in either the mothers or the children, we conducted Fisher's exact tests thereby treating methylation as a binary variable. The GR promoter was referred to as being methylated, if a methylated CpG site was detected in at least one of up to 25 clones that were sequenced. For the mothers, we did not distinguish between different periods of exposure to IPV. Therefore, we computed an overall variable for exposure to IPV, assigning exposure to IPV whenever it happened before, during or after pregnancy. For the children, as we were interested in the relationship between methylation and maternal exposure to IPV before, during and after pregnancy, we performed tests independently for each interval.
To test for an association between the methylation status of the GR promoter in the mothers and in the children, we used Fisher's exact test.
To further analyze the direction of the relationship between methylation and maternal exposure to IPV during pregnancy, we conducted a Man-Whitney U-test with the exposure to IPV during pregnancy as the between group factor, and the percentage of methylated clones in the children as the dependent variable. The percentage of methylated clones was calculated, according to previously described methods, 21 as the number of clones containing at least one methylated CpG site divided by the total number of clones. Additionally, we analyzed the relationship between maternal exposure to IPV before and after gestation and the percentage of methylated clones in the children in the same way.
Results
Maternal stress profiling. A total of 25 women of various ethnic backgrounds (Table 1 ) participated in the study. They were aged between 29 and 51 years. All of them had children aged between 10 and 19 years (Table 1) . We used the CAS to screen the mothers, but not the children, for exposure to IPV before, during and after their pregnancies. We identified three women, who were exposed to IPV in the period before pregnancy, eight women, who were exposed during and nine after pregnancy. It should be noted that these groups were overlapping, that is, for some women exposure to IPV was apparent in more than one period. In three cases we could not obtain CAS-values for each period, therefore, sample sizes varied slightly in the statistical analyses (Table 1) .
GR promoter methylation. We examined the methylation status of 10 CpG sites in the GR promoter, to determine whether there is a link between exposure to IPV and methylation in a gene that is involved in the HPA-axis. This region was selected because it was previously shown to contain transcription factor binding sites, whose methylation statuses are influenced by early life stress. 21 The GR promoter was referred to as being methylated, if a methylated CpG site was detected in at least one of up to 25 clones that were sequenced. We characterized GR promoter methylation of 25 women and of 24 of their children (for one mother, we could not obtain a blood sample of any of her children). We detected methylation in 7 of 10 CpG sites (sites 01, 02, 03, 07, 08, 09 and 10) in the GR promoter in our samples. The degree of methylation in these CpG sites ranged from 0 to 20% of all analyzed clones (Figure 1) .
We detected methylation in the GR promoter of 10 mothers and seven children in at least one clone. There was no association between maternal methylation status and the methylation status of the children (n ¼ 24; P ¼ 1.0).
Impact of IPV on maternal methylation pattern. Using fisher's exact test, we did not find a significant relationship between exposure to IPV and maternal methylation status (n ¼ 25, P ¼ 0.7), irrespective of when IPV was experienced.
Impact of IPV on methylation patterns in offspring. The presence of methylated residues was significantly associated with maternal exposure to IPV during pregnancy (n ¼ 23, Po0.05). Remarkably, there was no association between maternal exposure to IPV and the presence of methylation in the offspring, when IPV was experienced either before or after pregnancy (before: n ¼ 21, P ¼ 1.0; after: n ¼ 22, P ¼ 1.0). Furthermore, we tested the influence of a variety of third variables (country of origin; maternal age; age of children; marital status; graduation from high school, completion of vocational training or academic degree; pregnancy problems; smoking, alcohol or drug consumption during pregnancy; use of painkillers during birth; anxiety, panic or helplessness during birth; skin contact after birth; severe diseases of children; birth weight; gestational age at birth; mode of birth) on the methylation status, but did not find a significant relationship (Supplementary Table S1 and S2). According to the guidelines of the world health organization (WHO) none of the analyzed children were of extreme immaturity (o28 completed weeks of gestation, WHO) or extreme low birth weight (birth weight of 999 g or less, WHO).
However, one child was born prematurely (28 completed weeks or more but less than 37 completed weeks of gestation, WHO) and four children were born with low birth weights (1000-2499 g, WHO). None of these children showed methylation at the GR promoter. Furthermore, the vast majority of the children (n ¼ 17) were delivered spontaneously, indicating that most mothers did not take any measures to delay or induce labor. However, six were delivered via caesarean section and one via a different procedure (Supplementary Table S2 ). Neither the birth weight, the gestational age nor the mode of birth affected the methylation status of the GR gene (Supplementary  Table S1 ). This provides evidence that methylation in the offspring is directly affected by adverse experiences of the mother during gestation.
We then sought to determine whether gestational exposure to IPV influenced the degree of methylation in the GR promoter in the offspring. To achieve this we evaluated the percentage of methylated clones (that is, the number of clones containing at least one methylated CpG site divided by the total number of clones). This value ranged from 0 to 20% across all of our experimental subjects. In line with our previous analysis, we found a significant relationship between the percentage of methylated clones and IPV during pregnancy (n ¼ 23, U ¼ 30.5, P ¼ 0.015; Figure 2 ; Supplementary Figure S3) . Additionally, we did not find an association between the percentage of methylated residues and maternal exposure to IPV before or after pregnancy (before: n ¼ 21, U ¼ 25.0, P ¼ 0.9; after: n ¼ 22, U ¼ 55.0, P ¼ 0.7; Figure 2 ; Supplementary Figure S4-5 ).
Discussion
We examined the methylation pattern of the GR promoter in 25 women and their children and analyzed its association with maternal stress during gestation. We find a positive relationship between methylation of the children's GR promoter and maternal exposure to IPV during pregnancy, defined as 'any behavior within an intimate relationship that causes physical, psychological or sexual harm to those in the relationship.' 35 We present evidence that GR methylation is related to maternal stress during pregnancy, as when IPV is experienced before or after pregnancy, it has no impact on the children's methylation. To the best of our knowledge, this is the first study to demonstrate that prenatal psychological stress can result in sustained, rather than just short-term alteration of methylation in a regulator gene of the HPA-axis. We found that maternal gestational IPV is associated with methylation of exon 1F in the GR promoter of the offspring, which is hence a transgenerational effect that may exert a lifelong influence on HPA-axis regulation in these individuals. This is consistent with previous observations that prenatal anxiety is associated with a sustained elevation of basal HPA activity 8 as well as with behavioral/emotional problems that may continue throughout the lifetime. 9, 36 It seems likely that the intrauterine environment that the fetus experiences can differentially affect the methylation pattern. Maternal stress may lead to changes in HPA regulatory circuits with an alteration of catecholamines and glucocorticoids among other factors and effects.
14 Prenatal exposure to either of these hormones is known to influence the development of the HPAaxis. 37 Therefore in the fetus, the GR gene, which is a key regulator of the HPA-axis, constitutes a likely target upon which maternal IPV could be acting. Our data are consistent with observations in rat, where maternal effects evoke increased HPA-axis activity and fearfulness in response to stress, which are associated with methylation of the GR promoter in the hippocampus. 17 In these experiments, the first days of postnatal life constitute a critical period for the manifestation of maternal effects, which corresponds to late gestation in humans. 38 Although the observed increase in methylation was only very subtle, it might be sufficent to alter HPA-axis function. Subtle increases in methylation in a single CpG site of the GR promoter in cord blood were reported to correlate positively with the cortsiol stress response in neonates. 22 This suggests that IPV elicits fetal programming of the HPA-axis through methylation of the GR gene. However, although a link between GR promoter methylation in blood and cortisol stress responses has already been provided, 22 it remains inconclusive whether methylation in blood cells reflects methylation in the hippocampus or whether it impacts HPA-axis function. This emphasizes the need for follow-up studies, which evaluate both HPA-axis function and psychological function. This is of particular interest, as blood-as opposed to brain tissue-represents an easily sampled tissue.
The results of our study suggest that maternal stressinduced changes in intrauterine environment can have an impact on the methylation pattern of the children's GR gene, rather than a direct maternal transmission of methylation pattern via the germ line. The CAS assesses exclusively environmental factors, episodes of domestic violence in this case, thereby minimizing the influence of genetic components. However, an individual's genotype might affect others' behavior towards them, thus their own social environment, or predispose them to seek risky or unfavorable social environments. 39 As this type of indirect effect is difficult to avoid in studies with humans, we believe that our chosen methods go a long way to minimizing the influence of underlying genetic background. Hence, we consider gestational IPV to be the main source of variation in our study.
The methodologies employed by our study present some limitations: we have adapted a commonly used psychological survey-the CAS, to examine the influence of past events on current methylation patterns of mothers and their children. The effectiveness of retrospective surveys relies on the accuracy of our participants' memories. We believe that our use of an event-based analysis tool is particularly robust because of its reliance on emotionally arousing events, which are known to create long-lasting memories. 40 Our data represent correlative findings and thus cannot prove a causal relationship between changes in methylation and adverse experiences. For instance, it might be possible that IPV correlates with aspects of maternal diet that in turn might have affected the observed methylation patterns. Such a scenario, however, seems unlikely, as we would then predict an association between IPV and methylation in the mothers. This, however, was not observed.
Conclusions
Our findings show that prenatal exposure to IPV is associated with a sustained increase in methylation of the human GR promoter in the blood. Prenatal stress is known to alter HPAaxis regulatory function later in life. 8 Specifically gestational marital discord is associated with psychopathology of the offspring. 23, 24 This is the first demonstration that gestational exposure to psychological stressors can have a lasting impact on methylation status in human offspring. Our results provide a potential mechanism-methylation of the GR promoterupon which prenatal stress could act, to influence psychological function. This emphasizes the importance of IPV interventions to assure the well-being not only of the mother but also of the unborn child. This mechanism opens up many new avenues for research on the transgenerational epigenetic effects of stress and aggression on human behavior.
